Abstract. A coherent picture of the wavepacket-reduction process is proposed which is formulated in the framework of a deterministic and realist interpretation where the concepts of knowledge or information and of point particles do not appear. It is shown how the picture accounts for the experiments on interaction-free and delayedchoice measurements and those on interference with partial absorption.
Realism
The picture of the reduction process (collapse) attempted in the present note is based on the concepts introduced in an interpretation of the quantum-mechanical formalism in terms of epistemological realism [1] and in a conjecture of how determinism can be introduced into quantum mechanics [2] . The picture may appear demanding, but it is consistent. In complementing the conjecture made in [2] it shows that it can give a coherent account of such physical situations which are particularly incomprehensible in terms of the traditional concepts.
In this section a brief account is given of those features of [1] which are relevant for the proposed picture. The gross features of reduction and the deterministic criterion for it, according to [2], will be described in the next section. In Section 3 the picture is complemented by an additional feature covering a situation which was not treated in [2] . In Section 4 Elitzur and Vaidman's thought experiment on interaction-free measurements [3] is interpreted in the framework of our picture, and in Section 5 experimental realizations of that experiment are discussed. In Section 6 it is shown how the picture can give a consistent interpretation of Wheeler's delayed-choice thought experiment and its experimental realizations, and in Section 7 the case of partial absorption in the experiment by Summhammer, Rauch, and Tuppinger [4] is discussed.
In the realist interpretation [1] the wave functions are not probability amplitudes for outcomes of measurements but real physical objects, in the sense that pulses of electromagnetic radiation are real objects. A "one-particle" (one-quantum) wave function does not contain and guide a pointlike particle but itself represents the quantum object. There is no "wave-particle duality" but there are only waves, albeit with special properties. The word "particle", if we continue using this word for the quantum object, acquires a new meaning, namely that of a wavepacket of finite extension, where even spatially separated ("entangled") parts of the packet can represent one and the same quantum object. The poinlike appearance of the extended wavepacket in a measurement comes from its contraction to a small region in the reduction process, as will be explained below.
To account for typical quantum effects such a wavepacket is endowed with the special property of "internal structurelessness": inside the packet effects occur instantaneously. With this property the packet may give rise to nonlocal effects, that is, to correlated spacelike events which are not completely determined by common causes. Note that for particles (wavepackets) of non-zero rest mass and speed u, effects which inside the packet would occur simultanously outside appear to move with the superluminal speed w = c 2 /u of de Broglie's phase waves [5] . If the wavepacket contracts at a particular place, the internal structurelessness means that it contracts as a whole, that is, it simulaneously vanishes at all other places. This is some kind of nonlocality.
The second type of quantum object with this property is a system of entangled wavepackets [1, Section 3.1, entanglement distribution or swapping]. If one wavepacket of a pair of entangled packets is reduced, the other one is reduced too [6] , and the two reduction events in some reference frame occur simultaneously [7] (cf. Section 6 below).
In a realist wavepacket interpretation the question of whether the Heisenberg relations can or cannot be ascribed to the action of a measurement is meaningless. Here they are a triviality because they are inherent properties of wavepackets namely Fourier reciprocity relations, already well known for pulses of classical electromagnetic radiation [1, Section 2.5], as already pointed out by Schrödinger in 1933 [8] .
2 Reduction. Criterion Consider a wavepacket which approaches a screen oriented perpendicularly with respect to the direction of propagation. The screen is a macroscopic body with small sensitive clusters in it. A cluster may be a group of strongly bound atoms or molecules, or only a single molecule or even a single atom. To be of use in a measurement the clusters must be small compared with all other relevant dimensions. The incident wavepacket, when it gets in contact with one of these clusters, may then become reduced, that is, contracted to the size of the cluster.
Reduction/contraction may occur without measurement, but measurement not without reduction. For a measurement it is necessary that an observable macroscopic effect is produced, initiated by the reduction process, but not every reduction achieves this. It depends on the physical nature of the incident wavepacket and the clusters, that is, on the efficiency of the measuring apparatus.
As conjectured in [2] the criterion for the contraction of the incoming wavepacket to occur at some time t and at a cluster located about r 0 consists of two conditions:
α 1 is the absolute (overall, global) phase constant of the incoming wavepacket ψ s (r, t), and α 2 that of the wavepacket which represents the cluster. α s ≈ 1/137 is Sommerfeld's fine-structure constant. v cl is the volume of the cluster. In a measurement an avalanche of processes originates from that cluster and leads to an observable macroscopic effect (a "spot").
Given that the phase constants are such that the first (the phase-matching) condition (2.1) is satisfied for a particular cluster, the second (the overlap) condition (2.2) decides whether or not at that cluster a contraction will occur. In [2] it is shown how the criterion (2.1), (2.2) leads to the Born rules when the absolute phase constants are regarded as pseudorandom numbers uniformly distributed in [0, 2π]. The picture thus leads to the same values for the probabilities of detector clicks as the standard formalism.
The phase-matching condition fixes the place (the cluster) at which the decision is made on the future fate of the incoming wavepacket. Beyond this, the exact form of the criterion is not important for the present considerations. What is essential is that the wavepacket, according to its quantum nature, can undergo only one reduction at a time, that reduction in a measurement means contraction to the size of a cluster, and that some "hidden" variables (in our approach the absolute phase constants) determine whether or not a contraction occurs at t and r 0 .
A one-photon wavepacket is absorbed and vanishes upon reduction, but actually does so at one single narrow place, so that we want to speak of reduction as meaning contraction both for massive and massless wavepackets.
3 Reduction. Complement Ref.
[2] was focussed on situations where at a particular cluster both conditions of the criterion say Yes (i.e. are satified), and reduction leads to a spot at that cluster. In this note we consider physical situations where the first condition says Yes, but the second says No.
Consider the situation sketched in Figure 1a : a beam of wavepackets (photons, neutrons, atoms) meets a 50%:50% beam splitter BS where it is split in two equal branches, a and b. The branches end up in two equal detectors D1 and D2, respectively, which both have the same distance from the beam splitter BS. In this situation the number of clicks in D1 in the long run equals the number in D2. Let Figure 1 : (a) basic and (b) modified physical situation the intensity of the beam be so low that never more than one wavepacket at a time is in the region between BS and D1 or D2. Then each single wavepacket is split in two equal parts which have definite phase relations and together represent one and the same quantum object.
The clicks of the detectors are connected with reduction, that is with contraction at one of the clusters in D1 or in D2. Of course, owing to the fact that the wavepacket contracts as a whole and to a narrow place, never more than one detector can click (see, for example [9] ).
We meet however a difficulty with the picture of reduction developed so far when we consider the modification of the situation in Figure 1a which is sketched in Figure 1b : detector D1 is replaced by detector AD1 in which the number of sensitive clusters is largely enhanced so that AD1 would be a complete absorber, that is, no wavepacket which enters it could escape it. Detector D2 remains unchanged, but is put many kilometers away from the beam splitter BS. Now, our considerations are based on the supposition that even in this situation in half of the cases detector AD1 clicks and part b disappears, and in the other half detector D2 klicks and part a disappears, this being independent of the distance between beam splitter BS and detector D2. This is what the formulas of standard quantum mechanics predict and what is easily explained in the point-particle picture.
It is confirmed to a certain degree in the experiments on "interaction-free" measurements, where the distance which corresponds to BS-D2 is larger that the distance BS-AD1 though not very much larger. It would be desirable to have experiments where much larger distances are tested.
In a pure wavepacket picture the question arises: why is the wavepacket not in all observed cases, rather in only half of them, contracted and absorbed in the nearby absorbing detector AD1? The contraction occurs when the incoming wavepacket on its way with part a meets a cluster in AD1 that satisfies the phase-matching condition (2.1) and also the condition (2.2). Now, the absorbing detector AD1 contains so many clusters that there is with certainty one cluster which satisfies both conditions of the criterion and makes part b of the wavepacket vanish long before it could reach the distant detector D2. In order to have a consistent picture repeated contractions in AD1 must be excluded. We therefore endow the reduction process with an additional feature:
If at the first cluster in AD1 for which the phase-matching condition (2.1) is satisfied, condition (2.2) allows a contraction, then part b vanishes and part a survives and is contracted. Conversely, and this is the case which goes beyond [2], if (2.2) forbids a contraction, part a vanishes and part b survives with unchanged form but normalization raised up to 1, that is, the remaining parts of the wavepacket are multiplied with a common factor.
For this to occur we conjecture generally that between part a and part b at the moment of the first contact with a sensitive cluster (i.e. where (2.1) says Yes) the parts of the wavepacket must lie in disjoint regions of phase space. This is a property which is invariant under Lorentz transformations. We want to call it phase-space separation.
In a situation where there is no part which is phase-space separated from part a, say, then part a could indeed undergo repeated contractions in AD1, even when in the first phase-matching clusters condition (2.2) has said No. Such a situation could, for example, be realized when the beam splitter in Figure 1b is replaced by a mirror. Or, a compact wavepacket meets an absorber which extends over a region which is much larger than the volume of the wavepacket. A situation like this may be realized when elementary particles leave tracks in nuclear emulsion or cloud chambers.
Conversely, the absorber may be so short that the wavepacket in traversing it would only rarely meet a phase-matching cluster. That would then mean a partial absorber, when we disregard absorption due to the Schrödinger evolution.
Interaction-free measurements. Theory
We are now going to consider coincidences between detectors at different distances from the beam splitter, or of detector clicks in situations where one part of the wavepacket is blocked before the other part can reach a detector. We shall see that the picture described in the preceding sections is capable of giving a consistent account of the results.
We begin by considering the "interaction-free" measurement discussed as a thought experiment by Elitzur and Vaidman [3] . They consider the situation shown in Figure 2 . A one-quantum wavepacket reaches the first beam splitter BS1 where it is split in two equal parts, a and b. These are then reflected by the mirrors in such a way that they are reunited at another, similar beam splitter BS2. Two detectors, D1 and D2, can detect the parts with 100% efficiency. The positions of the beam splitters and the mirrors are arranged so that, due to destructive interference, detector D2 never, but D1 always clicks. Now an impenetrable macroscopic object O may or may not be put in branch a. The distance BS1-D1 (or BS1-D2) is larger than the distance BS1-O, and this corresponds to the situation described in Section 3 and sketched in Figure 1(b) . From the then observed detector clicks one may find out whether the object is actually there.
By looking at Figure 2 one sees that there are three possible outcomes of this measurement: (i) if detector D1 clicks (probability 1/4) the object may or may not be there and one can say nothing, (ii) if no detector clicks (probability 1/2) the object is there and has absorbed the particle, and (iii) if detector D2 clicks (probability 1/4) the object is there, but has not absorbed the particle.
Case (iii) is the case which Elitzur and Vaidman call an interaction-free measurement: the measurement confirms the presence of the object though the particle has not interacted with it. In Elitzur and Vaidman's situation our question is: why is the wavepacket not always contracted and absorbed in the object O so that nothing reaches either detector D1 or D2? As discussed in Section 3 our answer is that in this case the overlap condition (2.2) forbits contraction at the very first phase-matching cluster in O so that part a vanishes and part b survives and reaches detector D1.
In the considered case of equal parts a and b the ratio η of the probabilities of detecting the object without absorption to that with absorption is η = P (detector D2 clicks) P (no detector clicks) = 1/4 1/2 = 1 2 .
As demonstrated in [3] this ratio can be increased to nearly 1 if beam splitter BS1 is almost completely transparent and BS2 almost completely reflecting. Part b is then much larger than part a, and D1 almost always clicks. A disadvantage of this is that it is the very case in which no conclusion on absence or presence of the object can be drawn. In our picture the probability that part a then meets a phase-matching cluster in the object is unchanged because all parts of the wavepacket have the same absolute phase constant. The overlap condition (2.2) is however almost never satisfied for part a, so that almost always part b takes over and D1 clicks.
Interaction-free measurements. Experiment
Elitzur and Vaidman's thought experiment has been experimentally realized in [10] - [17] , and the results confirm the predictions. Our explanation of the results only works if only one wavepacket at a time is in the apparatus and the two parts of the wavepacket, at the moment when part a reaches the object O, are phase-space separated. We therefore have to check whether these conditions are satisfied in the experiments. Indeed we found that there was only one wavepacket at a time in the respective apparatuses. Separation in momentum space between the parts of the wavepacket is easy to see when the two parts move in different directions. Checking the separation in ordinary space was not always an easy task because the data which describe the experimental setup, in particular the spatial distances between the various components of the apparatuses and the length of the wavepackets used, are not always reported and one has to resort to other papers which describe analogous situations. In particular, the question of wavepacket length deserves special attention:
In [10] neutrons were sent through the perfect silicon crystal neutron interferometer. Consulting [18] we concluded that the coherence length σ cy of the incident neutron beam was 10 −8 m, which is indeed very short compared with the distances of about 5 cm between the components of the interferometer. However, it is not the coherence length σ cy that is responsible for detector clicks, but this is the total length σ y of the wavepacket. While σ cy is constant in time, σ y spreads out and may become much larger than σ cy [19] , [20] . A rough though acceptable estimate of longitudinal spreading is the following: we may write σ y = σ cy + ∆ sy , where ∆ sy is the increase due to spreading. For a nonrelativistic wavepacket [1, Appendix A] it is ∆ sy ≈ l ∆λ/λ, and with l = 5 cm, ∆λ/λ = 0.01, it is ∆ sy = 0.5 × 10 −3 m. This is large compared with σ cy = 10 −8 m, so that σ y ≈ ∆ sy = 0.5 mm. That is, even after spreading the length σ y of the wavepacket, and thus also of its parts, is small compared with the distance l = 5 cm, and this means a complete separation in ordinary space.
Refs. [11] - [17] deal with photons. For photons there is no longitudinal spreading [1]. In many experiments the incident photon packet was one of a pair from parametric down-conversion. These packets have a length of about 30 µm [21] , [22, p. 1087] , and this is short compared with the dimensions of the apparatus used.
Indeed, in all experiments we found that pase-space separation was realized. The paper [16] suggests a side remark illustrating clearly the general feature of treating continuous intensities as frequencies of discrete events when going from the classical to the quantum domain. The principle of this experiment is sketched in Figure 3 . A is a complete absorber. Variations in the intensity due to interferences, Figure 3 : Principle of the experiment in [16] : demonstration of classical versus quantum visibility produced by moving the mirrors, or by other means, are observed with detector D. The beam consists of wavepackets and each packet is split in two very different parts at the asymmetric 1%:99% beam splitter BS2. These parts are recombined and interfere at the 50%:50% beam splitter BS3.
In classical electrodynamics the two interfering parts have very different intensities at D, namely (0.5 × 0.5) and (0.5 × 0.5 × 0.01), so that the visibility of the interference fringes is V := (I max − I min )/(I max + I min ) = 0.01.
With quantum wavepackets it is different: In 99% of the cases the whole packet is absorbed (reduced), so that no packet or part of a packet arrives at D. In 1% of the cases the packet passes beam splitter BS2 as if the splitter would not be there and the photon can arrive at D. The visibility of the recorded photons thus is V = 1 because the interfering parts have the same amplitude, and I max = 1 and I min = 0 at D. In the experiment [16] with photon packets a value of V = 0.86 was obtained. The deviation from the value 1 is ascribed to imperfections of the apparatus.
Finally, are the "interaction-free" measurements really interaction free? The term was first used by Dicke [23] .
In our picture the votes against that denomination are that there must be some contact of the incoming wavepacket with the wavepacket that represents the sensitive cluster in the measuring apparatus in order that phase matching according to condition (2.1) can be established. Even if the second condition, (2.2), then decides that no contraction will occur, the incoming wavepacket, provided it consists of several phase-space separated parts, does not go on by Schrödinger dynamics, but is modified in that the part of it which got into contact with the cluster vanishes in favour of its other, separated parts. -Also, in the case of a photon wavepacket there is no absorption of the photon in case III, but there are other processes which do not absorb the photon and are yet called interactions: reflexion (a moving mirror even changes the energy), refraction, quartz wave plates, λ/4-plates [24] , etc. [25] .
Votes in favour of the denomination are that the contact which establishes phase matching and leads to contraction is a process which is not governed by a Schrödinger equation with a term called interaction term in the Hamilton operator, but is a process of its own kind.
Delayed-choice experiments
In Wheeler's delayed-choice thought experiment [26] , [27] the situation already depicted in Figure 2 is considered, but without the object O and with a beam splitter BS2 that could be introduced or removed. In a naïve point-particle picture the incoming particle should make its choice of taking either path a or path b at the 50%:50% beam splitter BS1. This seems to be confirmed by the observation that when the beam splitter BS2 is removed either detector D1 or detector D2 clicks. However, when the beam splitter is introduced it can be arranged, by means of constructive and destructive interference between waves from the two paths, that always detector D1, say, clicks, and never detector D2. The experimenter's decision to introduce or remove BS2 can be taken after the particle has passed the input beam splitter BS1, and shortly before it reaches the location of BS2. Thus, the particle must have delayed its choice of whether going along path a or along path b or along both paths simultaneously, that is between which-path or both-path behaviour, to a moment well after it has passed the input beam splitter BS1. The choice is also regarded as one between particle-or wave-like behaviour.
The paradox is, in fact, an artifact of the point-particle interpretation of quantum mechanics. It does not appear in the wavepacket interpretation advanced in the present note: what enters the interferometer is a wavepacket, and this is plit in the two equal parts, a and b of Figure 2 . If the beam splitter BS2 is removed, part a arrives at detector D1 and part b at D2. Which detector will click depends on which is the first in which the respective part meets a phase-matching cluster and satisfies condition (2.2). The wavepacket then contracts to the size of the cluster, and due to what we have called the internal structurelessness of the quantum wavepackets, at that same moment the other part of the wavepacket, which was on the way to the other detector, vanishes. According to what we have said in Section 3 this is independent of whether the wavepacket and with it its parts at this moment are longer or shorter than the distance between BS2 and D1 or D2. If the wavepacket is longer and the ways from BS1 to D1 and D2 have the same length the situation is like the wavepacket approaching a screen. If the wavepacket is shorter and in one detector condition (2.1) but not condition (2.2) is satisfied with one part of the wavepacket, then the other part takes over. In any case the wavepacket should be shorter than the path between BS1 and BS2. Otherwise the wavepacket could already sense BS2 when it passes BS1. Of course, only one wavepacket at a time should be in the apparatus.
There are many experimental realizations of Wheeler's thought experiment. Ref. [28] is done with neutrons, [29] with atoms, and [30] - [33] with photons.
The necessary conditions for the application of our explanation, as described above and in Section 3, have been checked and found to be satisfied in these experiments. In [30] the two events: the wavepacket's passage at BS1 and the decision to insert or remove BS2 are even separated by a spacelike distance in spacetime, accomplished by a quantum random number generator, so that even a light signal from BS1 could not have influenced the decision at BS2.
It is also interesting to consider those delayed-choice experiments where the choice concerning the quantum wavepacket under consideration, ψ B , is effected by a second packet, ψ A , which is entangled with ψ B . Packet ψ A enters a measuring apparatus, which, by means of reduction, turns ψ A into one of two possible components. Due to the entanglement ψ B is turned into the corresponding component, which is then directed into an apparatus which allows one component to produce interferences ("wave-like" behaviour), but does not allow this for the other component ("particle-like" behaviour). Experiments of this kind are reported in [34] , [35] , [36] , [37] .
As a concrete example let us consider the basic features of the experiment in [34] , which was done with a pair of entangled photons. The two superposed components of the photons are here those with horizontal and vertical linear polarization. Photon ψ B enters Bob's Mach-Zehnder interferometer, similar to the one depicted in Figure  3 , but without the object O. BS1 is the usual 50%:50% beam splitter and splits each component in two parts going path a and path b, respectively. BS2, however, now is polarization dependent, that is, it is a 50%:50% splitter for the vertical component, but no splitter at all for the horizontal component. Thus it can superpose the two parts of the vertical component, and by phase shifting one part, interference effects can be observed because the counting rates in detector D1 or D2 will depend on the phase shift ("wave-like" behaviour). All detectors consist of a polarizing beam splitter followed by two counters, C H for the horizontal, and C V for the vertical component. The two parts of the horizontal component, however, pass BS2 without influencing each other, so that either detector D1 is made to click by part a or D2 by part b, and no interference effects can be observed ("particle-like" behaviour).
On the other side, in Alice's apparatus her photon packet ψ A is also directed to a detector whose two counters, C V and C H , click for the vertical or the horizontal component, respectively. Thus if C V clicks, ψ A is reduced to its vertical component and vanishes, and due to the entanglement Bob's photon packet ψ B is also reduced to the vertical component, which persists. This component can then produce interfence effects and show "wave-like" behaviour. If, on the contrary, in Alice's detector the counter C H clicks, her photon is reduced to the horizontal component, Bob's photon too, and Bob cannot obtain interferences. In this way Alice's photon governs the choice between particle-or wave-like behaviour of Bob's photon.
In our picture the reduction events of ψ A and ψ B occur simultaneously in some refernce system, that is, at spacelike separation in spacetime. Thus, if in the laboratory frame Alice's detectors click first and Bob's later, in another frame it may be the reverse. In a frame where Bob's detectors click first, Bob's photon packet ψ B and thus also Alice's packet ψ A are reduced to their respective components. As the interference effects are verified by means of coincidence counts between Alice's and Bob's counters, the correlations between the counters remain the same. Remember that neither Alice nor Bob by themselves can determine which one of their counters (horizontal or vertical) will click, and that this forbids superluminal signalling. There is no paradox in the picture proposed here.
Partial absorption
We will condider here a special aspect of the neutron-interference experiment by Summhammer, Rauch, and Tuppinger [4] . In this experiment an incoming short neutron wavepacket ψ is split in two parts, ψ L and ψ R , with equal intensities, and a partially absorbing foil with transmission probability a is inserted in the path of ψ L . The effect of this absorber was not that in the fraction a the incoming wavepacket passes theψ A absorber unaffected and in the fraction (1 − a) the packet with all its parts is completely blocked (as happens with a chopper of the same transmission probability). This could be seen when the escaping part of ψ L was brought to interference with ψ R . What was observed can be explained by the following calculation:
The part ψ L which entered the absorber escaped it as ψ ′ L = √ aψ L and interferes as such with ψ R . The intensity of the superposition of √ aψ L and the phase-shifted
because at the detector we may put ψ L = ψ R . From this the normalized amplitude of the interference pattern A n =(I max − I min )/(I 0 max − I 0 min ) = √ a is obtained, where I 0 max and I 0 min are the intensities when the transmission probability is a=1. This √ a dependence of A n (as opposed to an a dependence with a chopper) was observed in [4] as well in analogous experiments with photons [38] , [39] . We want to show that even when the contraction, as described in Sections 2 and 3, is taken into account, the dependence A n = √ a obtains. For this we will have to assume that ψ L , when entering the absorber is in turn split in two different parts, ψ L1 and ψ L2 , with |ψ L1 | 2 = a|ψ L | 2 and |ψ L2 | 2 = (1−a)|ψ L | 2 . This is in any case necessary if we want to stick to a constant overall normalization of the incoming wavepacket ψ in any stage (split or non-split) within the interferometer. The part ψ L1 , say, continues on the way to the final detector and can be written as ψ L1 = √ aψ L , but ψ L2 is deflected and can never reach the detector. These two parts are thus phasespace separated. A splitting of this kind is also taken into account in de Muynck et al.'s theoretical treatment [40] of Summhammer et al.'s experiment [4] . Now, in our picture, in the fraction q 1 of the incoming wavepackets let either ψ L1 or ψ L2 meet a phase-matching cluster in the absorber. If in such a case condition (2.2) says Yes, the whole wavepacket, with all its parts, vanishes, and nothing reaches the detector.
If, on the other hand, condition (2.2) says No, then either ψ L1 at the cost of ψ L2 , or ψ L2 at the cost of ψ L1 , takes over and the remaining parts of the wavepacket, namely either ψ R and ψ L1 , or ψ R and ψ L2 , are multiplied by a common factor so as to maintain the overall normalization. Now, if in this subcase ψ L2 takes over, then ψ L1 vanishes, and there is nothing to interfere with ψ R . But if ψ L1 takes over and ψ L2 vanishes, ψ L1 and ψ R are multiplied by a certain common factor f . Let this happen in the fraction q 2 of the neutrons which meet a phase-matching cluster. The modified ψ L and ψ R can then be brought to interference and the intensity of their superposition is I ′ (φ) = q 1 q 2 |f √ aψ L + f exp(iφ)ψ R | 2 = q 1 q 2 f 2 I(φ) and we are again led to A n = √ a, which is what we wanted to show. 
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